The application of LED technology to fields such as alphanumerical displays and traffic control is continuously increasing. Because the technology is used outdoors, it must be able to operate under various environmental conditions. Like all semiconductor devices, LED's have properties that change with temperature. We propose a semiempirical model, based on semiconductor solid-state theory, that predicts the changes in the emission spectrum including the effect of temperature changes on the optical properties of the LED, within a range appropriate for outdoor applications ͑0 -40°C͒. This model permits us to evaluate the changes in the output flux and the chromaticity coordinates of the LED. We checked this model with seven different LED's.
Introduction
LED's are becoming important components in many optical systems for outdoor applications. These components experience changes in the working temperature that are due to changes in the environmental conditions ͑season cycle or day cycle͒. These temperature changes produce different effects in the optical properties of the LED. The most common of these effects is decreasing output flux with increasing temperature, which typically follows an exponential law and is due to the increase in the phonon recombination probability. Another important variation in the optical properties is the change in the emission spectrum with temperature, which mainly consists of shifts and broadening. 1 This effect can produce significant changes in the output flux and in the chromaticity coordinates of the LED emission.
In this paper we evaluate the changes in the emission spectrum by means of a semiempirical model, based on semiconductor solid-state theory. We used this model to obtain a theoretical approximation for the experimental emission spectra of visible LED's, in a range of temperatures suitable for outdoor applications, between 0 and 40°C. The model uses the Fermi function as carrier distribution function, a nonparabolic approximation for the density of states in the valence and conduction bands 2 and the Varshni empirical model for the variations of the gap energy E g with temperature. 3 The model accurately predicts the changes in the emission spectrum that are due to the internal changes in the semiconductor with temperature.
Semiempirical Model
The spectral emission of the LED, r͑E͒, can be obtained by the convolution between the distribution of electrons in the conduction band, n͑E͒, and the distribution of holes in the valence band, h͑E͒, multiplied by the probability of spontaneous emission A 12 , 4 r͑E͒ ϭ A 12 ͓n͑E͒‫ء‬h͑E͔͒,
where E is the energy and the asterisk denotes convolution. The distribution functions for electrons and holes in the bands can be obtained by multiplication of the distribution function of carriers by the density of states in the band,
where N n ͑E͒ and N h ͑E͒ are the density of states for electrons and holes, respectively, and F n ͑E͒ and F h ͑E͒ are the distribution functions for electrons and holes, respectively. Electrons and holes as fermions are distributed in the bands following the Fermi function,
where E fn and E fh are the quasi-Fermi levels for electrons and holes in the LED under forward bias, k is the Boltzman constant, and T is the temperature. The most common approximation for the density of states in the bands is the parabolic approximation, which assumes a perfect parabolic relation between the energy and the momentum. However, there are a number of studies that try to explain some physical phenomena in semiconductors with a nonparabolic approximation. 2, 5, 6 In our model we have chosen the nonparabolic approximation proposed by Smith and Brennan, 2 to make the model applicable to a wider range of LED's. This nonparabolic approximation is given by
where x and y are the nonparabolic parameters, p is the momentum, and m is the mass of the carriers. Obviously, if y ϭ 1, the nonparabolic relation becomes parabolic. For our purposes the x parameter acts as a multiplicative constant in the spectrum, so its value has no influence on the shape of the spectrum. With this nonparabolic approximation we can deduce the density of states, 4 and we can obtain distributions for the electrons in the conduction band and for the holes in the valence band given by
where C 1 and C 2 are constants independent of the energy. At this point we introduce the semiempirical relationship between the gap energy and the temperature, deduced by Varshni, 2
where E g ͑0͒ is the extrapolated gap energy at 0 K and ␣ and ␤ are parameters that depend on the semiconductor. To maintain the top of the valence band at 0 energy, we introduced this expression in the distribution for electrons in the conduction band. Then the distributions for electrons and holes are given by
The probability of spontaneous emission A 12 depends on the energy in the form A 12 ϰ E 2 , 4 but this dependence has only a small influence on the shape of the spectrum compared with the influence of Fermi exponential functions. Then, by convolving expressions ͑7a͒ and ͑7b͒ in Eq. ͑1͒, we can evaluate the emission spectrum for different LED's and test their reaction to temperature.
Experimental Setup
In our experimental setup we used surface-mounted LED's, approximately 2 mm high, 3 mm long, and 2 mm wide. These dimensions are small enough to allow for accurate measurements of the temperature in the LED chip. This temperature was measured with two Cr-Al thermocouples, in the two sides of the LED. The LED is placed in contact with a thermoelectric cooler, which permits us to control the temperature in the LED. The thermoelectric cooler is linked to a heat sink to achieve good pumping of heat by the thermoelectric cooler ͑Fig. 1͒.
We feed the LED with a voltage source; this provides a constant voltage in the LED, which ensures that the changes in the band structure are due only to the temperature changes.
The experimental procedure is the following: We feed the LED, at 25°C, until we obtain the nominal current, 20 mA. At this point we cool the LED by means of the thermoelectric cooler, keeping the voltage constant, and then the current through the LED drops, owing to the rise in the energy gap ͑6͒. We cool the LED to 0°C and measure the output spectrum with a spectrophotometer; we repeat the measurements at 20 and 40°C, a range of temperatures suitable for outdoor applications ͑for example, in a hot climate͒.
Experimental Results
With the configuration shown in Section 3 ͑Fig. 1͒, we measured the spectrum of seven surface-mounted LED's from different companies, three of company A, three of company B, and one of company C, at three temperatures, 0, 20, and 40°C.
Looking at the experimental and the semiempirical results ͑Fig. 2͒, we can verify that the LED emission spectrum presents substantial changes that are due to temperature variations, not only in the peak wavelength but also in the spectral width.
In Fig. 2 we plot, as an example, the experimental and the semiempirical spectra for two LED's, 660-A of AlGaAs ͓Fig. 2͑a͔͒ and 585-C of GaAsP ͓Fig. 2͑b͔͒. It can be seen that the semiempirical model accurately fits the experimental results for different kinds of spectra and that the spectra move and broaden with temperature. Table 1 shows the experimental and the semiempirical values for the shifts in the peak wavelength and the broadening of the spectrum that is due to temperature changes for all measured LED's and the semiconductor material for each LED. As can be seen, peak wavelength shifts as high as 11 nm and a bandwidth broadening of ϳ5 nm appear. The LED 595-A could not be measured at 40°C, because it was damaged in its structure at that temperature. The estimated errors for these measurements are Ϯ1 nm for peak wavelength measurements and Ϯ0.8 nm for the bandwidth measurements. Table 2 shows the parameters for the semiempirical model, E g ͑0͒, ␣, ␤, y, E fn , and E fh , which fit the experimental data. We treated the quasi-Fermi levels as being independent of temperature, since their variation in our temperature range is approximately k⌬T Ϸ 10 Ϫ3 eV, 4 which is low compared with the values of quasi-Fermi levels obtained in the fitting. The only degenerate semiconductors are 625-A and 585-C, which have spectral bandwidths wider than 30 nm. It is also shown that a small value of ␣ causes smaller shifts in the peak wavelength and that the deviations ͑ y͒ from the parabolic approximation for the density of states are small.
Because of the spectral changes with temperature, there is a considerable influence in the photometric and the radiometric behavior of the LED's. We can evaluate the semiempirical and the experimental changes in the photometric and the radiometric fluxes by means of a simple integral,
where is the flux, V͑͒ is the photopic visibility curve if we are making photometric measurements or is equal to 1 for radiometric measurements, and S͑͒ can be the semiempirical or the experimental spectrum of the LED. Table 3 shows the experimental and the semiempirical results of the variation with temperature of radiometric flux, in arbitrary units for all the LED's. These values are relative only to the shape of the spectrum and do not take into account the quantum efficiency of the LED. The variation goes from 6.5% in the smallest case ͑585-C͒ to more than 20% for the highest one ͑630-B͒. It is also shown that the semiempirical results are within the error range of the experimental ones. However, Table 4 shows the experimental and the semiempirical results for the variation with temperature of the photometric flux, relative to the shape of spectrum, in arbitrary units. This table shows that the photometric flux does not present significant changes with temperature, because of the effect of the V͑͒ function; with the increase in T the peak wavelength of the spectrum shifts to greater wavelengths where V͑͒ is lower. This loss in photometric flux is compensated with the broadening of the spectrum with T, so the photometric flux remains practically invariable. However, the LED emission presents a significant variation in the chromatic coordinates, which produces variations in the specifications of optical systems that use these elements. These variations are shown in Table 5 and in Fig. 3 .
Conclusions
In this paper we have studied the effect of temperature in the spectrum of LED's, for a range suitable for outdoor applications, between 0 and 40°C. We have proposed a semiempirical model based on solid-state theory, which includes a nonparabolic approximation for the density of state and the Varshni relation for the gap dependence on temperature. The model predicts accurately the shape of the emission spectrum and its changes with the temperature. It has been checked experimentally, obtaining good agreement for different LED's. This temperature effect produces changes in the optical properties of LED's that can be well evaluated with the semiempirical model. The output radiometric flux can change more than 20% in this temperature range. The output photometric flux does not change significantly, owing to the shape of V͑͒ function, but significant changes in the chromatic coordinates of the LED appear. Then for human vision it is not necessary to adapt the LED radiance, but it will be necessary to take into account these colorimetric changes when they are important, e.g., if LED's are used in traffic signals for which chromatic requirements are restrictive.
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